Patients with acute myeloid leukemia (AML) and a FLT3 internal tandem duplication (ITD) mutation have a poor prognosis, and FLT3 inhibitors are now under clinical investigation. PIM1, a serine/threonine kinase, is up-regulated in FLT3-ITD AML and may be involved in FLT3-mediated leukemogenesis. We employed a PIM1 inhibitor, AR00459339 (Array Biopharma Inc.), to investigate the effect of PIM1 inhibition in FLT3-mutant AML. Like FLT3 inhibitors, AR00459339 was preferentially cytotoxic to FLT3-ITD cells, as demonstrated in the MV4-11, Molm-14, and TF/ITD cell lines, as well as 12 FLT3-ITD primary samples. Unlike FLT3 inhibitors, AR00459339 did not suppress phosphorylation of FLT3, but did promote the dephosphorylation of downstream FLT3 targets, STAT5, AKT, and BAD. Combining AR00459339 with a FLT3 inhibitor resulted in additive to mildly synergistic cytotoxic effects. AR00459339 was cytotoxic to FLT3-ITD samples from patients with secondary resistance to FLT3 inhibitors, suggesting a novel benefit to combining these agents. We conclude that PIM1 appears to be closely associated with FLT3 signaling, and that inhibition of PIM1 may hold therapeutic promise, either as monotherapy, or by overcoming resistance to FLT3 inhibitors.
Introduction
Approximately one quarter of patients with acute myeloid leukemia (AML) harbor an internal tandem duplication mutation of the FMS-like tyrosine kinase receptor (FLT3-ITD mutation). These patients often present with leukocytosis, experience a high relapse rate, and have markedly decreased overall survival compared to AML patients lacking FLT3 mutations. [1] [2] [3] [4] [5] [6] The exception to this rule may be the coexistence of an NPM1 mutation with the FLT3 mutation, which has been associated with similar relapse-free and overall survival when compared to wild-type AML. [7, 8] In response to the poor prognosis associated with FLT3-ITD mutations, a number of FLT3 tyrosine kinase inhibitors (TKI) are under development, with some being evaluated in clinical trials as single agent therapy while others are being combined with chemotherapy regimens. [9] [10] [11] [12] [13] PIM (proviral integration site for Moloney murine leukemia virus) is a gene that was identified when its expression was noted to be up-regulated by proviral insertion in murine virus-induced T-cell lymphomas. [14] The PIM proteins, the products of a family of protooncogenes, are serine-threonine kinases with increased expression in a variety of malignancies. [15] [16] [17] [18] [19] [20] PIM kinases have been found to play an important role in enhancing cell survival and suppressing apoptosis in hematopoietic cells. [21, 22] Of the PIM proteins, PIM1 and PIM2 have been most extensively studied in AML. Their expression appears to be up-regulated by STAT5, and they have been found to be over-expressed in primary AML blast samples. [16, 23] In particular, PIM1 and PIM2 have been associated with FLT3 mediated leukemogenesis in FLT3-ITD AML. PIM1 expression was noted to be 25-fold higher than in FLT3-ITD samples, as compared to wild type FLT3 (WT) AML samples. [18] When FLT3 was inhibited by the TKI lestaurtinib there was also a corresponding decrease in the PIM1 protein product, suggesting PIM1 to be a down-stream target of FLT3, possibly through the latter's activation of STAT5. In a subsequent study, FLT3 inhibition was shown to lead to a decrease in serine phosphorylation of the anti-apoptotic BAD (Bcl2 antagonist of cell death). [24] It was postulated that PIM1 was involved in FLT3-ITD-mediated leukemogenesis by phosphorylating BAD (at serine 112) and thus promoting blast survival. PIM2 expression has also been studied in FLT3-ITD AML and likewise demonstrated to be up-regulated. [16] Another study suggested that over-expression of PIM2 can transform wild type FLT3 cells, suggesting that PIM2 and FLT3 may act through different, but complementary, pathways to stimulate cell cycling and inhibit apoptosis. [25] The PIM kinases, therefore, represent potential therapeutic targets in AML, particularly in those cases harboring FLT3-ITD mutations. Indeed, siRNA-mediated down-regulation of PIM proteins has been demonstrated to decrease survival of MV4-11 FLT3-ITD cell lines. [26] We have investigated the effects of a small molecule inhibitor of PIM1, AR00459339, alone and in combination with a FLT3 inhibitor (AR00454200), on AML cell lines and primary samples. We have found that inhibition of PIM1 results in significant cytotoxicity in FLT3-ITD cell lines and patient samples that strikingly parallels the effects of FLT3 inhibition. In addition, we present evidence of downstream effects of PIM1 on proteins in the FLT3-ITD signaling pathway. Our findings support the notion that PIM1 is integral to the process of leukemic transformation in FLT3-ITD AML, and that it may be a valid therapeutic target for this disease.
Materials and Methods

Reagents
AR00459339 and AR00454200 were obtained from Array Biopharma Inc. (Boulder, CO). CEP-701 was obtained from Cephalon Inc (Frazer, PA). AC220 was obtained from Ambit Biosciences Inc (San Diego, CA). Sorafenib was obtained from LC laboratories (Woburn, MA). Inhibitors were dissolved in dimethyl sulfoxide (DMSO), stored at −80°C as a 10 mM stock solution, and diluted as needed. The DMSO concentration within any given experiment was the same for all samples, and in no case was it more than 0.1%. FicollHypaque was obtained from Amersham (Piscataway, NJ). Anti-FLT3, anti-STAT5, and anti-phosphoserine antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phosphotyrosine antibody (4G10) was obtained from Upstate Biotechnology (Lake Placid, NY). Anti-PIM1 and anti-PIM2 and anti-phospho-STAT5 antibodies were obtained from Cell Signaling Technology, Inc. (Danvers, MA). Progenitor cell assay medium was obtained from Stem Cell Technologies (Vancouver, Canada). All other reagents were from Sigma (St. Louis, MO).
In vitro PIM Kinase Assays
In vitro kinase assays using the PIM inhibitor were performed in two ways. The first utilized a peptide substrate, and the second utilized purified BAD protein. The human isoforms of PIM1 and PIM2, as well as purified human BAD protein, were obtained from Millipore (Bedford, MA). The rat PIM3 isoform was expressed and purified by Array Biopharma. Each PIM isoform was analyzed using an ATP concentration equal to its Km (35μM, 4μM, 30μM, respectively) and 2.5x Km PIM2tide (7.5μM, 1μM, 3.8μM respectively, PIM2tide provided by Midwest BioTech (Fishers, IN) Cat #MBT2309, sequence H-RSRHSSYPAGT-OH, corresponding to residues 107-117 of murine BAD). Reactions were carried out for one hour at ambient temperature in the presence of 20 mM MOPS pH 7. For the in vitro kinase assay utilizing purified human BAD protein, reactions were performed in kinase buffer (40 mM Tris pH 7.4, 20 mM MgCl 2 , 0.01% bovine serum albumin, 0.5 mM ATP) with or without inhibitor. To 50 uL kinase buffer was added 1 nanogram purified PIM1 along with 2 micrograms of purified BAD. The reaction was incubated at 30°C for 30 minutes, then terminated by the addition of electrophoresis loading buffer followed by boiling. Proteins were resolved by western blotting (see below).
To generate the selectivity data, the Array compounds were evaluated with the Kinase Profiler® service from Millipore (Bedford, MA)
Cytotoxicity Assays
Cytotoxicity was assessed using a dimethyl-thiazol diphenyl tetrazolium bromide (MTT) assay. In selected cases, we also used an annexin V binding apoptosis assay to confirm that the cytotoxic effect observed using the MTT method was associated with apoptosis. MTT and annexin V assays were performed as described previously. [27] Briefly, for the MTT assay, 50 μL of 2x medium was aliquoted into triplicate wells of 96-well plates for each drug concentration point. All wells contained the same concentration of DMSO. Fifty μL cell suspension in medium was added to each well (50,000 cells/well for cell lines, 200,000 cells/well for AML blasts). Plates were incubated for 48 hours (cell lines) or 72 hours (AML blasts) at 37°C, 5% CO 2 , then the MTT assay was performed according to the manufacturer's instructions (Roche, Indianapolis, IN). For the annexin V apoptosis assay, cells were incubated for 48 hours in medium with increasing AR00459339 concentration. Annexin V binding was then performed and assessed by flow cytometry according to the manufacturer's instructions (Clontech, Palo Alto, CA).
For synergy studies using combinations of AR00459339 and AR00454200, TF/ITD cells (left) and a FLT3-ITD primary AML sample (right) were incubated with increasing concentrations of the PIM1 inhibitor AR00459339, the FLT3 inhibitor AR00454200, and the combination of the two drugs were fixed at a ratio of 100:1. At 72 hours, metabolic activity was determined using the MTT assay. Combination indices (CI) were generated using a commercially available software program (Calcusyn; Biosoft, Manchester, United Kingdom) after the method of Chou and Talalay. [28] Cells Cell lines used for these studies were all cultured at 37°C with 5% CO2 in RPMI medium with 10% fetal bovine serum (FBS) and penicillin/streptomycin (Invitrogen, Carlsbad, CA) and L-glutamine. MV4-11, Molm-14, HL60, and SEMK2 cells were obtained from American Type Culture Collection ([ATCC] Manassas, VA) or the German Collection of Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und Zellkulturen [DSMZ], Raunschweig, Germany). The TF/ITD cell line was generated by transfecting TF-1 cells (growth factor dependent) with an expression vector containing the FLT3 coding sequence containing an ITD mutation from an AML patient, as described previously. [10] The resultant TF/ITD cell line is growth factor independent and expresses constitutively phosphorylated FLT3.
Patient Samples
Bone marrow and peripheral blood from AML patients and from normal donors were obtained through a protocol approved by the Johns Hopkins institutional review board. All samples used in this study were from patients who gave informed consent according to the Declaration of Helsinki. A total number of 26 primary AML samples were used to document sensitivity to AR00459339, of which three samples had demonstrated a secondary resistance to the FLT3 inhibitor sorafenib. Mononuclear cells were isolated from these samples using density gradient centrifugation with Ficoll-Hypaque (GE Healthcare, Piscataway, NJ) The specimens were aliquoted and stored in liquid nitrogen in FBS plus 10% DMSO. Before use, the samples were thawed in warm culture medium (RPMI containing 10% FBS with pen/ strep and L-glutamine) and incubated for 12 hours at 37°C in 5% CO 2 . The samples were pelleted and re-suspended in warm medium containing 150 international units/mL DNAse I (GE Healthcare, Piscataway, NJ) for 5 minutes. They were then re-centrifuged over FicollHypaque to obtain a high fraction of viable cells.
Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting were performed as described previously. [29] In brief, cells were incubated in culture medium with the indicated doses of AR00454200 or AR00459339 for various times at 37°C, then washed with ice-cold phosphate-buffered saline (PBS), and lysed with 1% NP-40 lysis buffer. Clarified lysate (500 μg per sample) was incubated at 4°C overnight with the intended monoclonal antibody for immunoprecipitation, followed by addition of protein A agarose (Millipore, Bedford, MA) for an additional 2 hours. After electrophoresis and transfer to Immobilon membranes (Millipore, Bedford, MA), immunoblotting was performed using the appropriate proteinspecific antibodies. Protein bands were visualized using chemiluminescence and scanned with a Biorad GS800 densitometer.
Colony-forming assays
Mononuclear cells from normal donor bone marrow were isolated using Ficoll-Hypaque, then plated in triplicate in 35 mm Petri dishes using MethoCult® medium (H4434) from StemCell Technologies (Vancouver, BC, Canada). Granulocyte macrophage-colonyforming units (CFU-GMs) and erythroid-burst-forming units (BFU-Es) were scored after 14 days of incubation. CFU-GMs were defined as colonies of opaque cells and consisted of at least 50 cells. BFU-Es were defined as colonies of at least 50 hemoglobin-containing cells.
Results
AR00459339 is a selective inhibitor of PIM1
AR00459339 was analyzed using a kinase selectivity panel (Data not shown-Kinase Profiler®, Millipore, Bedford, MA). This analysis revealed that the compound inhibited all 3 PIM kinases, with the greatest inhibitory activity against PIM1. Of the 256 kinases in the panel, only 4 were inhibited to less than 10% of control-PIM1, PIM2, PIM3, and haspin (a histone-associated serine/threonine kinase. [30] We first analyzed AR00459339 using an in vitro kinase assay with a peptide substrate. As shown in figure 1A , this assay revealed potent inhibition of PIM1 (IC 50 of 0.8 nM) and PIM3 (IC 50 of 3.6 nM). The IC 50 of inhibition of the PIM2 kinase was determined to be 52.4 nM, 66-fold higher than the IC 50 for PIM1.
We next wished to confirm the activity of AR00459339 with an in vitro kinase assay using one of the established protein substrates for PIM1 and PIM2, namely BAD. [24, 31] As shown in Figure 1B , phosphorylation of BAD by PIM1 at serine 112 is suppressed by AR00459339, where as levels of total BAD and PIM1 persist at levels of up to 2μM. Using this blot for densitometry, we calculated an IC 50 for PIM1 inhibition of 39 nM. Consistent with the findings in the peptide substrate assay results described above, AR00459339 was much less effective at inhibiting PIM2 ( Figure 1C ). Inhibition of phosphorylation of serine 112 of BAD by PIM 2 in this assay was incomplete even at 2000 nM, with an estimated IC 50 of 2040 nM.
AR00459339 is preferentially cytotoxic to FLT3-ITD cell lines and primary samples
Having established that AR00459339 could inhibit purified PIM proteins, we wished to examine its effects in AML cells. We first examined inhibition of phosphorylation of BAD at serine 112 in MV4-11 cells by AR00459339 (Figure 2A ). In the context of a whole cell assay such as this, the IC 50 for inhibiting BAD phosphorylation was 480 nM. This IC 50 was considerably higher than that noted above in the in vitro kinase assay. This was not surprising, given the presence of protein binding and protein-protein interactions expected to affect target inhibition in a cell-based assay, in contrast to an in vitro kinase assay, where this is not a complicating factor and in which the proteins are often not in their native configurations. We next tested AR00459339 for cytotoxic effect on multiple AML cell lines, including MV4-11, Molm14, HL60, TF-1, and TF/ITD cells ( Figure 2B ). AR00459339 was cytotoxic to the FLT3-ITD cell lines MV4-11 (IC 50 of 255 nM), Molm14 (IC 50 of 484 nM), and TF/ITD cells (IC 50 of 593 nM) ( Figure 2B ), corresponding in range to the IC 50 for inhibition of BAD phosphorylation in the experiment shown in Figure 2A . Interestingly, AR00459339 was not significantly cytotoxic to HL60 (IC 50 of 5490 nM) or TF-1 cells (IC 50 of 4430 nM), which lack expression of mutant FLT3. For comparison, we tested all 5 cell lines against a novel FLT3 inhibitor, AR00454200. As can be seen in Figure 2C , the cytotoxic effects of the FLT3 inhibitor AR00454200 paralleled the pattern of cytotoxicity induced by the PIM inhibitor AR00459339.
We then studied the effects of AR00459339 on a series of 24 primary AML samples, consisting of 12 FLT3-ITD and 12 FLT3-WT (FLT3 wild type) blasts ( Figure 2D ). Although clinical and cytogenetic profiles were incomplete on some of the primary samples tested, we did note that the FLT3-ITD samples consisted of two samples obtained at relapse, whereas the rest were obtained at diagnosis. Of the FLT3-ITD samples, one displayed a complex karyotype, and of the FLT3-WT samples, three displayed a complex karyotype and one displayed isochrome 7 and trisomy 17 alterations. Consistent with what we had observed in the cell lines, AR00459339 was selectively cytotoxic to FLT3-ITD samples. This selective cytotoxicity towards FLT3-ITD primary AML samples is essentially identical to what has been observed by numerous groups using different FLT3 inhibitors. [27, 29, 32, 33] Because the MTT assay is not a direct measurement of cell death, the induction of apoptosis in a FLT3-ITD primary sample by AR00459339 was confirmed using an annexin V assay. After exposure to AR00459339 for 72 hours, there was a dose responsive increase in apoptotic cells, with 76% of cells displaying annexin V positivity (Data not shown).
AR00459339 does not affect FLT3 autophosphorylation, but does lead to inhibition of downstream targets of FLT3
Having established that AR00459339 induces a cytotoxic effect on FLT3-ITD AML cells at concentrations corresponding to PIM1 inhibition in whole cells, we wished to further investigate the basis of AR00459339-induced cytotoxicity We therefore examined the effects of AR00459339 on the phosphorylation status of downstream proteins in the FLT3-ITD signaling pathway. Constitutive activation of FLT3 by ITD mutations is associated with constitutive phosphorylation of STAT5 and AKT. [29, [34] [35] [36] As shown in Figure 3A , AR00459339 has no effect on autophosphorylation of ITD-mutated FLT3. It likewise had no effect on wild type or D835Y-mutated FLT3 (data not shown). Somewhat surprisingly, however, exposure to AR00459339 did result in de-phosphorylation of STAT5 and AKT ( Figure 3A) . The IC 50 of inhibition correlated with that of cytotoxicity, but was significantly higher than that noted in the in vitro kinase assay above. We would expect this trend in such a cell-based assay, in which drug-protein binding and protein-protein interaction likely affect target inhibition, in contrast to a kinase assay, in which these are not complicating factors. As expected, FLT3 autophosphorylation, along with AKT and STAT5 phosphorylation, was effectively inhibited by the FLT3 inhibitor AR00454200 ( Figure 3B ). AR00459339, despite not inhibiting FLT3 autophosphorylation directly, resembles a FLT3 inhibitor both in its cytotoxicity profile as well as its effects on downstream signaling proteins. Thus, the effects of PIM1 inhibition seem to be convergent with those of FLT3 inhibition, at least in FLT3-ITD AML cells.
PIM1 inhibition also appeared to be cytotoxic against FLT3-ITD primary samples from patients who had developed secondary resistance to FLT3 inhbitiors. One of the FLT3-ITD primary samples that we used in the experiment shown in Figure 2C was obtained at diagnosis from a patient who was subsequently treated with the FLT3 inhibitor sorafenib. The patient responded with clearance of peripheral blasts, a phenomenon which has been reported with sorafenib and multiple other FLT3 inhibitors.[9, 10, 37-40] After 10 weeks, the disease progressed with a rapidly rising peripheral blast count. The blasts now had a D835H kinase domain mutation in addition to the ITD mutation (sequencing data not shown). In immunoblot assays, sorafenib had no effect on the phosphorylation status of FLT3, STAT5, and AKT, while other FLT3 inhibitors (CEP-701, AC220, and AR00454200) still showed in vitro efficacy ( Figure 4A ). AR00459339 had no effect on FLT3 autophosphorylation, but inhibited the phosphorylation of STAT5 and AKT as effectively as the FLT3 inhibitors ( Figure 4A ). In addition to this first patient, two additional FLT3-ITD patients at our institution were likewise treated successfully with FLT3 inhibition, but subsequently progressed. All patients had de novo AML and did not demonstrate karyotypic abnormalities. Of the three patients with secondary resistance to FLT3 inhibition, blasts obtained prior to the emergence of resistance from two of them were available to us for analysis. Shown in Figure 4B are the results of cytotoxicity assays for these two patients, demonstrating initial in vitro sensitivity to sorafenib ("pre"), then in vitro resistance to sorafenib ("post"). Post-treatment blasts from all three resistant patients were available and showed a cytotoxic response in vitro to AR00459339 ( Figure 4C ).
The combination of AR00459339 and AR00454200 leads to additive to weakly synergistic cytotoxicity in FLT3-ITD blasts
Because both AR00459339 (PIM inhibitor) and AR00454200 (FLT3 inhibitor) appear to act on the same downstream effector proteins, we wished to determine if combining them resulted in synergistic cytotoxicity in FLT3-ITD AML cells. However, the combination of AR00459339 and AR00454200 was more additive than synergistic in TF/ITD cells (combination index 0.806-1.129; Figure 5A ), and only weakly synergistic (combination index 0.607-.809; Figure 5B ) in a primary FLT3-ITD sample.
AR00459339 has a mild inhibitory effect on the normal bone marrow
AR00459339 is preferentially cytotoxic to FLT3-ITD AML cells, suggesting that PIM1 inhibition might be a viable therapeutic modality for this disease. Data from PIM knockout mouse models suggests that PIM proteins are particularly important in mediating response to myeloid growth factors. [41] Therapy with a PIM inhibitor, therefore, might be postulated to cause myelosuppression. We therefore tested the effects of AR00459339 on myeloid progenitor cells in colony forming assays of bone marrow obtained from normal donors. AR00459339 had no significant effect on erythroid colony formation over the dose ranges of PIM1 inhibition ( Figure 6 ). However, AR00459339 induced a modest but reproducible inhibitory effect on CFU-GM numbers in these assays. This suggests that AR00459339 (and potentially other inhibitors of PIM), though possibly clinically useful for the treatment of AML, may also lead to some degree of myelosuppression.
Discussion
In this report, we have established that an inhibitor of PIM1, AR00459339, can induce cytotoxicity in FLT3-ITD AML cell lines and patient samples, a pattern of activity that parallels what has been observed with FLT3 inhibitors. The preferential cytotoxicity of PIM1 inhibition on FLT3-ITD cell lines and blasts has been previously reported. [42, 43] In contrast to FLT3 inhibitors, AR00459339 has no effect on FLT3 autophosphorylation but does induce de-phosphorylation of the key downstream proteins, STAT5, AKT, and BAD. Intriguingly, the cytotoxicity of AR00459339 was preserved against AML primary samples from FLT3-ITD patients who had developed resistance to and then progressed on FLT3 inhibitor therapy.
Previous studies have suggested that PIM1 is a down-stream target of FLT3 and a mediator of its activity by phosphorylating pro-apoptotic proteins such as BAD. [24] However, our data suggests that PIM1 may be much more integral to FLT3 signaling and may act more "up-stream" than previously reported. This is supported by our finding that PIM1 inhibition suppresses the phosphorylation of established FLT3 targets like STAT5 and AKT. The lack of pronounced synergy in combining agents that inhibit FLT3 and PIM1 might be explained if these proteins are in a close association more up-stream in a signaling cascade, or perhaps in a complex, which would then theoretically affect the same downstream mediators. This overlapping cytotoxic profile with FLT3 inhibitors is intriguing. However, to date, a definitive clinical benefit has not been demonstrated with FLT3 inhibitors in advanced trials [44, 45] , and given a similar spectrum of cytotoxicity, the clinical utility of isolated PIM1 inhibition may be similarly limited.
The effects of AR00459339 do not appear to be mediated through inhibition of PIM2. Like PIM1, PIM2 has been reported to phosphorylate BAD at serine 112. [31] However, the results of our in vitro kinase assays suggest that AR00459339 inhibits PIM2 at much higher concentrations than the drug levels observed to inhibit BAD phosphorylation or to induce cytotoxicity in FLT3-ITD AML cells. PIM2 has been demonstrated by others to be a potentially important component of FLT3-ITD-mediated leukemogenesis, and its expression (like that of PIM1) has clearly been shown to be up-regulated in response to FLT3-ITD signaling. [16, 25, 36, 46] As mentioned above, siRNA-mediated knock-down of PIM1 and PIM2 decreased survival of MV4-11 FLT3-ITD blasts. [26] Our data, however, suggests that PIM1 and PIM2, despite being in the same gene family, may have very different functions. This divergence in function is supported by findings in a murine PIM knockout model, in which bone marrow cells from mice lacking PIM1 displayed significant loss of response to cytokines, while loss of PIM2 by itself had only minimal effects in comparison. [41] Nevertheless, the decreased activity of AR00459339 against PIM2 kinase may still have a limiting impact on its clinical efficacy, given the suspected potential pathogenic role of this serine/threonine kinase in FLT3-ITD AML.
The effects of the loss of PIM1 activity on bone marrow progenitor cells in the mouse knockout model are relevant to the possible use of PIM1 inhibitors for the treatment of AML. We observed a modest but consistent suppression of CFU-GM activity with AR00459339 at doses predicted to inhibit PIM1. We might therefore predict that some degree of myelosuppression will occur when such drugs are used clinically, resulting in a narrow therapeutic index. While this is potentially a considerable limitation of this therapeutic approach, we should note that CFU-GM activity was only partially inhibited and not completely absent.
Treatment of FLT3-ITD AML with tyrosine kinase inhibitors of FLT3 is being actively investigated in clinical trials. [9, 10, [37] [38] [39] [40] 47] However, increasing evidence suggests that monotherapy with FLT3 inhibitors can lead to resistance to these agents, and eventual progression of disease on therapy. [48] [49] [50] This is a phenomenon that has been welldescribed with BCR-ABL inhibitors. [51] [52] [53] Resistance can manifest in a variety of ways, including the development of point mutations or up-regulation of anti-apoptotic proteins. [48] [49] [50] The emergence of resistance will pose a particularly difficult obstacle in the development and long-term efficacy of these agents for patients with AML.
We have observed that AR00459339 is cytotoxic to samples from three patients whose blasts had become resistant to the FLT3 inhibitors. These findings raise the possibility that the emergence of drug resistance to FLT3 inhibition could possibly be overcome by targeting PIM1. Others have indeed reported that cells, transformed by FLT3 mutations resistant to tyrosine kinase inhibitors, maintained their sensitivity to knockdown of PIM1 and PIM2 by RNAi. Although the combination of multiple targeted agents in anti-neoplastic therapy has been used to promote synergistic cytotoxicity, it might also be employed to suppress the emergence of resistant clones and prolong therapeutic efficacy. This is especially applicable in a scenario in which the cancer cell is dependent, or "addicted", on one predominant pathway such as in FLT3 mutant AML cells. [54] Targeting FLT3 and PIM1, two proteins which closely interact in a common pathway, on which these AML cells are dependent for survival, is therefore a valid therapeutic approach in this regard. This rationale is somewhat analogous to the emergence of highly active anti-retroviral therapy (HAART) for the treatment of HIV-AIDS, by employing combinations of targeted agents which can maintain therapeutic efficacy by limiting tumor escape mechanisms and drug resistance. In summary, the clinical utility of PIM1 inhibition in patients with FLT3-ITD AML, as monotherapy or in combination with FLT3 inhibitors, holds therapeutic promise and warrants further clinical study. Note: AR00459339 is abbreviated "AR339" and AR00454200 is abbreviated "AR200" in these figures. (A) MV4-11 cells were exposed for 2 hours, in cell culture medium, to Note: AR00459339 is abbreviated "AR339" and AR00454200 is abbreviated "AR200" in these figures. (A) Myeloblasts from the peripheral blood of a patient with FLT3/ITD AML who progressed on sorafenib therapy were isolated by Ficoll centrifugation and incubated for 1 hour without drug, with 50nM of each of the following FLT3 inhibitors: sorafenib, CEP-701, AR00454200, and AC220, and with 2000 nM of the PIM1 inhibitor AR00459339. Cells were then lysed, and the lysate was subject to immunoprecipitation with anti-FLT3 antibody, or loaded directly onto gels. After resolution by protein electrophoresis, immunoblots were probed with anti-phosphotyrosine (FLT3 immunoprecipitate, upper row), anti-phospho-STAT5, and anti-AKT at serine 473. The blots was subsequently stripped and re-probed with anti-FLT3, anti-STAT5, and anti-AKT antibodies. (B) For two patients with secondary resistance to FLT3 inhibition, blasts were obtained prior to and after the emergence of resistance. These blasts were incubated with increasing concentrations of sorafanib, as well as with AR00459339 (C). Note: AR00459339 is abbreviated "AR339" and AR00454200 is abbreviated "AR200" in these figures. TF/ITD cells (left) and a FLT3/ITD primary AML sample (right) were incubated with increasing concentrations of the PIM1 inhibitor AR00459339, the FLT3 inhibitor AR00454200, and the combination of the two drugs was fixed at a ratio of 100:1. At 72 hours, metabolic activity was determined using the MTT assay. Results for each sample were obtained as percentage of untreated control. Combination indices (CI) were generated using the Calcusyn software program from Biosoft®. Error bars represent standard deviations. Mononuclear cells from normal donor bone marrow were isolated and plated into methylcellulose medium supplemented with cytokines and containing increasing concentration of AR00459339. Colonies were scored after 10-14 days for the presence of BFU-E and CFU-GM colonies. Error bars represent standard deviation.
